Soil albedo controls the surface energy budget on the Tibetan Plateau (TP); however, estimates of the soil albedo include substantial uncertainties. This study presents a physically based soil albedo parameterization that includes the effects of the solar zenith angle and liquid soil moisture. The parameter values are calibrated and validated using the measurements from the Global Energy and Water Cycle Experiment-Asian Monsoon Experiment and the Coordinated Enhanced Observing Period Asia-Australia Monsoon Project (CAMP-Tibet). Because few measurements of albedo are available from the TP, a transfer equation was built to estimate the parameter values through their inverse physical links with the soil composition. Compared with previous parameterizations, the parameter values from the transfer equation reduce the simulated mean bias and RMSE values by nearly 50%. Comparisons of the observed albedos and simulated values obtained using the new parameterization show that the correlation values are >0.5 and that the absolute errors (dimensionless) are within ±0.05. The new parameterization captures the diurnal and seasonal variations better than the previous schemes and shows that the diurnal and seasonal variations in soil albedo are controlled by the solar zenith angle and liquid soil moisture, respectively. This new parameterization scheme was incorporated into the Geomorphology-Based Eco-Hydrological Model and run for the CAMP-Tibet stations. The inclusion of this new parameterization significantly improved the simulated surface energy budget in summer; the deviations in the upward shortwave radiation decreased by 81%, and the accuracy of the simulated Bowen ratio increased substantially.
The Tibetan Plateau (TP) , which has the highest elevation of any region in the world, plays essential roles in controlling regional and global water cycles and energy balances (Gao et al., 2017; Liu et al., 2003; Yeh and Wu, 1998) . During the past several decades, the TP has proven to be among the most sensitive regions to climate change; the landscape there has changed noticeably due to the retreat of glaciers, changes in vegetation, and the degradation of frozen soils (Cheng and Wu, 2007; Wang et al., 2009; Wu and Liu, 2004; Yang et al., 2010; Zhao et al., 2004) . Global climate models (GCMs) represent useful tools for studying interactions between the TP and global climate dynamics, including climatic warming (Rangwala et al., 2010) , South Asian monsoon circulation (Hahn and Manabe, 1975; Lau et al., 2006) , snowpack radiative heating (Flanner and Zender, 2005) , land cover changes (Cui et al., 2006) , and other processes. Because GCMs have coarse spatial resolutions, the complex topography and landscape of the TP are not well represented in these models (Gao et al., 2008 (Gao et al., , 2017 Wood et al., 2002) . This information can affect the simulated atmospheric circulation and land surface processes, commonly leading to uncertainties in the outputs of a single GCM. To reduce the uncertainties, the ensemble outputs of several GCMs can be used (Su et al., 2013; Walsh et al., 2008) . Furthermore, using the outputs of GCMs as lateral boundary conditions to drive high-resolution regional climate models (RCMs) can increase the overall accuracy (Gao et al., 2008; Mearns et al., 2013; Wang et al., 2016) . Several studies indicated that the performance of RCMs can be significantly influenced by the parameterization of the land surface model (LSM), including surface albedo, soil water-heat transfer, snow properties, vegetation fluctuations, and other factors (Davin and Seneviratne, 2012; Gao et al., 2017; Hong et al., 2009; Jin et al., 2010; Rechid et al., 2009; Wang et al., 2016) . For the TP, researchers have tested the applicability of many different LSMs during the past decade (Cuo et al., 2015; Gao et al., 2004; Guo and Wang, 2013; Guo et al., 2011; Wang et al., 2016) , including the revised Simple Biosphere model (Sellers et al., 1996a) , the variable infiltration capacity model (Liang et al., 1994) , the simultaneous heat and water model (Flerchinger and Saxton, 1989) , Version 4 of the Community Land Model (Oleson et al., 2010) , and others. Of all the relevant processes, surface energy partitioning is the most fundamental and has attracted considerable research interests (Gao et al., , 2017 Guo et al., 2011; Wang et al., 2016; Yang et al., 2009 ).
Surface albedo is the key variable in surface energy partitioning, and it is important for different fields of study, including the atmospheric sciences, hydrology, and hydropedology. The surface albedo determines the amount of solar radiation absorbed by the surface, which is the major driver of all the hydraulic, thermal, and ecological processes on Earth, such as the flow of water and heat in the unsaturated zone, freezing-thawing cycles, and the respiration of soil microorganisms and leaf elements (Wang et al., 2001 (Wang et al., , 2002a (Wang et al., , 2002b . However, albedo is still among the variables whose estimates include the largest relative uncertainties (Dickinson, 2008; Wang et al., 2006) . Because vegetation on the TP is short and the snow cover is ephemeral, bare soil dominates the surface albedo in this region. Climate change has a substantial influence on soil wetness and may therefore affect the soil albedo (Govaerts and Lattanzio, 2008; Wang and Davidson, 2007) . Given the large amounts of solar radiation reaching the TP, even small changes in albedo could sufficiently affect the net radiation to outweigh the effects of greenhouse gases (Bernier et al., 2011; Betts, 2000; Liang et al., 2010; Randerson et al., 2006; Rotenberg and Yakir, 2010; Wang and Davidson, 2007) .
Soil albedo is mainly controlled by the soil type, soil color, and incident radiation; it also changes with soil texture, liquid soil moisture, degree of aggregation, and the abundance of highly absorbing chemical components (Dickinson, 1983; Post et al., 2000) . Because some quantities vary considerably and because the relevant control processes are not fully understood, further efforts to revise the mathematical expression used to estimate soil albedo are needed (Dickinson, 1983; Liang, 2007; Liang et al., 2005; Wang et al., 2005a; Yang et al., 2008) . Of all the related variables, solar zenith angle and liquid soil moisture can be monitored with relative ease and have been used most frequently in estimating soil albedo (as summarized in Table 1 ). Solar zenith angle has considerable impacts on the diurnal variations in soil albedo (Wang et al., 2005b) . The most widely used relationship (no. 1 in Table 1 ) was proposed by Dickinson (1983) and Briegleb et al. (1986) . It is a simplified solution of the twostream approximation of the radiative transfer equations for a semi-infinite canopy. The accuracy of this relationship has been validated using ground-and satellite-based measurements (Roesch et al., 2004; Wang et al., 2005b; Yang et al., 2008) . Although other formulas (no. 1, 2, and 3 in Table 1 ) have also been proposed (Schaaf et al., 2002; Wang et al., 2005b) , they produce very similar curves when plotted (Yang et al., 2008) . In addition to solar zenith angle, liquid soil moisture content is important in estimating soil albedo. Previous studies have reported that using the dependence of soil albedo on liquid moisture produces more realistic solar-moisture-albedo feedbacks, which noticeably increases the accuracy of land surface simulations (Kala et al., 2014; Xue et al., 2013) . Idso et al. (1975) found that soil albedo decreases linearly as its liquid moisture increases (no. 4 in Table 1 ). This relationship was later verified by Novak (1981 Novak ( , 2010 and has been used in many existing LSMs (Bonan, 1996; Dickinson et al., 1993; Oleson et al., 2010; Wang et al., 2007a) . However, during the past two decades, experimental results have shown that soil albedo decreases exponentially, rather than linearly, with increasing liquid moisture (no. 7-12 in Table 1 ) (Gascoin et al., 2009; Guan et al., 2009; Lobell and Asner, 2002; Muller and Décamps, 2001; Wang et al., 2005a; Weidong et al., 2002) . However, the linear function is still the most popular formulation, and the performance of the exponential relationship in land surface simulations remains unclear. On the other hand, although both solar zenith angle and liquid soil moisture have noticeable impacts, existing studies typically use only liquid soil moisture in the estimation of soil albedo.
In addition to the drawbacks in the formulation of soil albedo, the parameter values of previous studies have often been organized according to land cover type or set constants, which potentially have large errors, especially across heterogeneous environments (Chapin et al., 2000; Liang et al., 2005; Sellers et al., 1996b; Wang and Davidson, 2007) . For example, the values of soil optical parameters have distinct spatial heterogeneities on the TP (Roesch et al., 2004) , and incorrect assignments could cause large errors in the simulated water cycles and energy balances there (Lawrence and Chase, 2007) . These parameters represent the optical properties of soils, which should vary with soil composition. The experimental results of Ben-Dor and Banin (1995), Thomasson et al. (2001) , and Shepherd and Walsh (2002) show highly linear correlations between these parameters and soil composition; thus, they can be retrieved using linear combinations of the abundance of soil compositions. Liang et al. (2005) proposed a formula to estimate the soil albedo using solar zenith angle and liquid soil moisture (no. 13 in Table  1 ). The accuracy of the simulated surface albedo increased considerably after revising the Common Land Model accordingly. However, remotely sensed albedo and reanalysis products of soil moisture were used in this study. These data include large uncertainties, and these uncertainties may propagate into the estimates of parameter values (Liang et al., 2005) . Therefore, the use of more accurate ground measurements to parameterize the soil albedo is necessary, but such studies are lacking. Starting in 1998, several intensive observational experiments were conducted on the TP through the Global Energy and Water Cycle Experiment-Asia Monsoon Experiment (GAME-Tibet) (Koike et al., 1999) and the Coordinated Enhanced Observing Period Asia-Australia Monsoon Project (CAMP-Tibet) missions. The hourly measurements of radiation and soil moisture taken in such harsh environments provide an unprecedented opportunity to parameterize surface albedo across the TP region. Meteorological variables and surface fluxes were also monitored during these projects. These measurements could be used to force the LSMs and to further investigate the performance of the new soil albedo parameterization in representing the surface energy budget.
Based on previous studies, the aims of this study were (i) to improve the parameterization of the soil albedo by including the solar zenith angle and liquid soil moisture; (ii) to estimate the parameter values using a more physically based method, specifically one based on the soil composition; and (iii) to investigate the performance of this new soil albedo parameterization scheme in simulating the surface energy budget.
Study Region and Data

Study Region
This study was conducted at six CAMP-Tibet stations and one GAME-Tibet station ( Table 2 ). All stations are above 4400 m asl and are located in the central and western parts of the TP (Fig. 1) . Except for the grassland at the MS3478-AWS station, the landscapes are bare land with thin, weed-like plants (Tanaka et al., 2003) . The background of Fig. 1 is a map of permafrost on the Qinghai-Tibetan Plateau at 1:3,000,000 (Li and Cheng, 1996) . All stations are located near the boundary between permafrost and seasonally frozen ground, which is thought to be highly sensitive to climate change and has exhibited noticeable changes in the landscape (Cuo et al., 2015; Wang et al., 2009 ).
Data
In situ measurements were collected through the GAME-Tibet and CAMP-Tibet missions during several enhanced observation periods. Table 2 lists the observation period and the categories of measurements made at each station. Downward shortwave radiation (R sd ), upward shortwave radiation (R su ), and near-surface liquid soil moisture (w soil ) measured at all stations were used to calibrate and validate the new parameterization scheme of soil albedo. Because measurements over periods longer than 2 yr have been made at the D105-AWS, Gaize, and MS3478-AWS stations, observations before 2004 were used for calibration, whereas the remainder were used for validation. For the other stations, the observation periods were much shorter, and all of the measurements were used for either calibration or validation (Table 2) .
In this study, the observed surface albedo (a) was calculated as the ratio of upward to downward shortwave radiation. During calibration and validation, we used only observations collected during the snow-free period. When snow depth measurements were available, we used them to remove the periods contaminated by snow. When these data were missing, the absence of snow was inferred as when a is <0.35 (Wang et al., 2005b; Yang et al., 2008) . During snowfree periods, a is determined mainly by bare soil and vegetation. Soil albedo (a s ) was estimated using the new parameterization. Vegetation albedo (also called canopy top albedo [a c ]) was calculated 
Calibrating the new soil albedo parameterization
- † Dates indicate the periods during which observations were available for each station. ‡ For the CAMP-Tibet mission, the near-surface liquid soil moisture was monitored at depths of 0.04, 0.04, 0.04, 0.03, and 0.04 m depth at the ANNI-AWS, Amdo-Tower, BJ-Tower, D105-AWS, Gaize, and MS3478-AWS stations, respectively. At the Gaize station of the GAME-Tibet mission, the mean liquid soil moisture between 0 and 0.15 m in depth is available and used here. using the method of Sellers (1985) , which requires the time series of the leaf area index (LAI) as input. In this study, the LAI values were extracted from Version 6 of MOD15A2H (Myneni et al., 2015) after 2001 and from GIMMIS_Zhu before 2001. Because hourly a c was calculated at each site, these products display noticeable mismatches in their spatial and temporal scales; the spatial resolutions of MOD15A2H and GIMMIS_Zhu are 500 and 8 km, respectively, and the data contained in these products represent 8-d means and half-month means, respectively. Given the high elevations and the cold monsoon climate of the TP, the vegetation there (mainly alpine cold meadow, steppe meadow, and alpine cold steppe) is relatively low in height, displays low coverage, and has short growth duration (Cui and Graf, 2009; Ding et al., 2007; Gao et al., 2004) so its impacts on the surface radiative transfer processes are minor. We assumed that the gridded LAI values did not vary within the grid cells or during the averaging periods.
A transfer equation was created to improve the accuracy of the parameter values across regions without albedo measurements. This transfer equation derives the parameter values as linear combinations of the abundances of soil compositions. In addition, the soil compositions used here were extracted from The Soil Database of China for Land Surface Modeling . This gridded dataset was interpolated using 8979 measured soil profiles all across China, including more than 2583 soil profiles on the TP. Because of the large number of observations used, it is more reliable than other available datasets .
This new parameterization scheme of soil albedo was then incorporated into the Geomorphology-Based Eco-Hydrological Model (GBEHM) to investigate its performance in simulating the energy balance at the scale of individual sites ( Table 2 ). The soil hydraulic properties were extracted from Dai et al. (2013) , and the soil thermal properties were estimated using the soil compositions from Shangguan et al. (2013) and the method of Farouki (1981) . For vegetation, the two major variables-the LAI values and the fraction of photosynthetically active radiation-were extracted from MOD15A2H (Myneni et al., 2015) . The radiative and meteorological forcing in the model were extracted directly from the measurements (Table 2) , including downward shortwave and longwave radiation, precipitation, air temperature, wind speed, relative humidity, air pressure, and sun hours. Because the sun hours were not monitored during the CAMP-Tibet mission, values were adopted from nearby China Meteorological Administration (CMA) stations. Other missing data were also adopted from adjacent CMA stations. Because downward radiation is not recorded by CMA stations, we used the methods of Yang and Koike (2005) , Brutsaert (1975) , and Crawford and Duchon (1999) to estimate the downward shortwave and longwave radiation. Finally, the daily measurements of CMA stations were interpolated to hourly values following Gao et al. (2015) .
These stations also record hourly values of the R su , upward longwave radiation (R lu ), w soil , latent heat flux (LE), and sensible heat flux (H) ( Table 2) . High-quality measurements were compared with the simulated results during the snow-free period. Hourly LE and H values were available only from the BJ-Tower station during June 2003. Because there are many missing values, we used only high-quality observations collected on snow-free days with no fewer than 20 h of measurements. Figure 2 presents flow charts of the processes used to estimate the parameter values and soil albedo. The fraction of visible light ( f vis ) was assigned a constant value of 0.43 (Wang, 2005; Yang et al., 2008) , and the fraction of near-infrared light ( f nir ) was calculated as 1 − f vis . The fraction of diffuse radiation ( f dif ) was estimated using the formula established by Ruth and Chant (1976) , and the fraction of direct radiation ( f dir ) was calculated as 1 − f dif . The observed surface albedo values are mainly influenced by a circular region around the instrument, and the ratio between the radius and installed height of the instrument is 3:1 (Langleben, 1968) . Within this region, the vegetation fraction (V c ) was calculated using Beer's law (Baret and Guyot, 1991; Carlson and Ripley, 1997; Gao et al., 2015) :
Methodology
where SAI is stem area index, and LD is the dead LAI. The bare soil fraction (V s ) was calculated as V s = 1 − V c . The values of SAI and LD are constant, taking the values of 0.02 and 0.01, respectively, which were also used by Gao et al. (2015) when simulating the northern ridge of the TP. 
Physically Based Parameterization of the Soil Albedo
In this study, a s was estimated using a function of the near-surface liquid soil moisture and solar zenith angle:
( ) where L is the spectral range (i.e., visible or near-infrared), a s,L,dir (w soil , m) and a s,L,dif (w soil ) are the spectral albedos of bare soil under direct and diffuse radiation, w soil is the near-surface p. 6 of 21 liquid soil moisture, m is the cosine of the solar zenith angle, a s0,L,dir(dif) is the spectral reflectance of the completely dry soil under direct (diffuse) radiation, a z,1 and a z,2 are the parameters describing the dependence on m, and a w,1 to a w,4 are the parameters describing the dependence on w soil . Thus, the values of 10 parameters must be determined to permit the estimation of soil albedo.
Because albedo measurements on the TP are sparse, whereas the soil data are more densely measured , a transfer equation was used to increase the accuracy of the parameter values.
The near-surface layer on the TP mainly consists of gravel (GRAV), sand (SA), silt (SI), clay (CL), and soil organic matter (SOM). As such, the following transfer equation is proposed (Ben-Dor and Banin, 1995; Thomasson et al., 2001; Shepherd and Walsh, 2002) :
where Y is the set of the optical parameters of the soil (i.e., a s0,L,dir , a s0,L,dif , 1 + a z,1 , a z,2 , or a w,1 -a w,4 ), and x 1 to x 5 are the coefficients.
Compared with previous studies, this new physically based parameterization scheme of soil albedo has two main features: (i) the a s is estimated as a function of m and w soil , and the relationship between the a s and w soil is exponential, and (ii) the parameter values are estimated using the transfer equation proposed in this study, which has a solid physical foundation.
Parameterizations of Canopy Top Albedo and Surface Albedo
The a c is calculated from the solution of the two-stream approximation to the radiative transfer equations (Dickinson, 1983; Sellers, 1985) . This model requires nine predefined parameter values. One parameter relates to a morphological property (leaf angle distribution), and eight parameters are related to leaf-element optical properties (reflectance and transmittance of live and dead leaf elements under visible and near-infrared radiation). Together with those of the soil, the values of 19 parameters must be predetermined.
Calibration and Validation
Calibration of the new soil albedo parameterization was conducted at CAMP-Tibet stations using the upward and downward shortwave radiation measurements, remotely sensed LAI values, and the abundance of soil compositions ( Table 2) .
The actual parameter values are thought to produce the best fit between the simulated results and the observations. The identification of these parameter values is an optimization problem, and the Python-based lmfit module with the Levenberg-Marquardt method was used as the optimization algorithm (Newville, 2017) .
Because the number of parameters is large, it is not possible to determine their values accurately when they are not reasonably restricted (Liang et al., 2005) . Consistent with previous studies, we set the ranges of potential values to be as narrow as possible (Table 3) . The optimization algorithm is iterated several times, and the parameter values that display the best performance are chosen.
The parameter values for vegetation are generally stable, whereas those for soil show large spatial variabilities (Table 4) . Given the calibrated soil optical parameter values and soil composition data , the coefficient values used in the transfer equation (Eq.
[4]) can be estimated using the same optimization algorithm.
To assess the improvements associated with updating the mathematical expressions used to represent the soil albedo, we also calculated soil albedo using an older parameterization (hereafter referred to as Old_alb) described in previous studies as a control:
where a s1,L,dir and a s1,L,dif represent the mean spectral reflectance of the soil under direct and diffuse radiation, respectively. The flow chart of the processes used in determining these four values (a s1,L,dir and a s1,L,dif ; L indicates the visible and nearinfrared light) is shown in Fig. 3 , and it differs in two ways from that of the new parameterization scheme (hereafter referred to as Cal_alb). Specifically, (i) the parameter values of the vegetation are already known and are station-averaged values of Output 2 in Fig.  2a , and (ii) the observed w soil and m are not needed.
Next, the validation was conducted using independent observations from three CAMP-Tibet stations and one GAME-Tibet station ( Table 2) . At each station, the parameter values were derived using the transfer equation (Eq.
[3]) and the soil composition data . During the validation period, we also calculated the soil albedo using the old scheme (Eq.
[5]), using parameter values from Sellers et al. (1996b) and Li and Koike (2003) , marked as Se&Li_slb. The parameter values used in Se&Li_alb are probably representative of those used in previous studies. The improvements associated with the use of the transfer equation can be determined through comparing the simulated results from Se&Li_alb and those obtained using the new scheme (hereafter referred to as Val_alb). In particular, the Gaize_g station is located far from the other stations used in the calibration. Because the vegetation there is extremely sparse (Wang et al., 2005a) , it is an ideal place to validate the performance of the new soil albedo parameterization.
Four metrics are used in this study: r, the mean bias (BM), the RMSE, and the slope of a linear regression (k). These metrics were calculated as ( where a i,sim is the ith simulated value, a i,obs is the ith observed value, N is the number of samples, and the overbar indicates a mean value. The value of k indicates the proximity at varied amplitudes between the observations and the simulated results. Values of this parameter that approach 1.0 indicate that the two amplitudes are close to each other.
Brief Introduction to the GBEHM Land Surface Model
The GBEHM was developed by Yang et al. (2015) and simulates the exchanges of energy, water, and carbon between the land surface and atmosphere. The surface fluxes are calculated in the same way as in the revised Simple Biosphere model (Sellers et al., 1996a) , the ground hydrologic processes were inherited from the geomorphologically based hydrological model (Yang et al., 1998 (Yang et al., , 2000 (Yang et al., , 2002 , and the soil thermal processes were revised from those in Version 4.0 of the Community Land Model (Oleson et al., 2010) . When applied in the Heihe basin, which is located on the northern ridge of the TP, the GBEHM accurately reproduced the hydrological and freezing-thawing processes there during the past 50 yr Yang et al., 2015) .
This study used the point-scale GBEHM. We initially calculated soil albedo using Eq. [5]. We then replaced this older soil albedo scheme with the new one and ran the model at four stations ( Table 2 ). The changes in the soil albedo scheme affected the net radiation reaching the surface, which altered the status of the surface (e.g., the canopy temperature, the ground temperature, and the freezing-thawing cycles of the near-surface soil). Because the simulated H and LE are highly sensitive to these variables (Eq. [A3]-[A5]), the simulated surface energy budgets before and after the revision of soil albedo scheme are different. The Appendix presents a description of the surface energy budget and the major equations used in the GBEHM. In the estimation of soil albedo, the simulated w soil is used and corresponds to a depth of 0.03 m, which is close to the depths (0.03-0.04 m) of observations used in the calibration and validation. The GBEHM using the older soil albedo scheme was run at these stations as a control. Because the observation periods have different lengths, 1-yr (2003) simulations were conducted at the BJ-Tower and D105-AWS stations, whereas 2-yr (2003) (2004) simulations were conducted at the Gaize and MS3478-AWS stations. Finally, the observed and simulated surface energy budgets from the two simulations were compared. Table 4 lists the parameter values of the new scheme estimated using the optimization algorithm (Outputs 1 and 2 in Fig. 2a ). In general, the parameter values of the vegetation were stable, and the station-averaged values were sufficient. In contrast, parameter values of the bare soil show strongly spatial heterogeneities and were used to build the transfer equation (coefficient values are listed in Table  5 ). Comparison between the parameter values from the calibration phase (Table 4 ) and those derived using transfer equations shows that they all (with the exception of a w,2 ) pass the significance tests at a level of 0.1, and the correlations are high (r > 0.74).
Results
Calibration of the New Soil Albedo Parameterization
During calibration, the hourly surface albedo was calculated using the new (Cal_alb) and old (Old_alb) schemes. The two sets of simulated results were then compared with the observations; the resulting r, BM, and RMSE values are listed in Table 6 . Because the BMs of these two schemes are similarly small, whether m or w soil is included in the estimation of soil albedo does not strongly influence the mean value. However, the significantly larger r values of Cal_alb and the significantly smaller RMSE values indicate that the variability in surface albedo can be better captured using the new scheme. Figure  4 plots the time series of the observed and simulated hourly surface albedo. This figure shows that the simulated results obtained using Cal_alb have larger diurnal and seasonal amplitudes that are closer to those of the measurements. In contrast, the simulated results obtained using Old_alb show much weaker diurnal and seasonal variations and produce overestimated values during summer and underestimated values during the winter.
In the following discussion, the contributions of including m and w soil in the seasonal and diurnal variabilities are analyzed. 
where t 1 and t 2 correspond to the date with the smallest and largest mean values of a s during the daytime, respectively; C x is the contribution of variable x to the seasonal variability of a s ; x d indicates the mean value of the variable x during the daytime; and the overbar indicates the daily mean value during the period from t 1 to t 2 . Combined with Eq.
[2] and [3], the station-averaged contributions of w soil and m to the seasonal variability of a s were then calculated as 83 and 17%, respectively. Therefore, the improvements in seasonal variability are mainly caused by including w soil in the estimation of soil albedo.
For the diurnal variability, we first normalized the hourly surface albedos by dividing the hourly values by the average of that day to remove the effects of seasonality. The values of r, RMSE, and k between the normalized observations (a dv,Obs , where dv is diurnal variation) and simulations (a dv,Old_alb and a dv,Cal_alb ) were calculated (results not shown). As with seasonality, the new scheme exhibits significant improvements in reproducing the diurnal variability, and the old scheme produces a 13% decrease, a 13% increase, and a 68% decrease in the values of r, RMSE, and k, respectively. Figure 5 displays the station-averaged mean diurnal variations in the normalized surface, vegetation, and soil albedo of observations and two simulations. It is obvious that a dv,Cal_alb shows large improvements in reproducing the diurnal variability compared with a dv,Old_alb . Because the two normalized simulations of vegetation albedo have similar diurnal variabilities (Fig. 5b) , these improvements were mainly caused by soil albedo parameterization.
To investigate the relationships between the diurnal variations of albedo and the solar zenith angle under different liquid soil moisture levels, seasons, and soil types, the whole period was divided into four parts according to the values of w soil and the phenology of vegetation. These parts included April, May, and June (A.M.J.); July and August (J.A.); September, October, and November (S.O.N.); and December, January, February, and March (D.J.F.M). Figure 6 gives the mean diurnal variations in the normalized surface albedos for different periods and stations. At each station, the diurnal variations in a dv,Obs (a dv,Cal_alb ) show similar curves for different periods.
Although the freezing-thawing cycles caused significant seasonal changes in w soil , it varied slightly over the 5% (absolute value) within 1 d when there were no rainfall or snowfall processes; therefore, the impacts of w soil on the diurnal variabilities in the soil albedo can be neglected. Because the solar zenith angle is included in estimating the vegetation albedo (Fig. 5b) , the normalized diurnal variabilities of a dv,Old_alb are more curved during J.A. but are relatively flat for other periods. During D.J.F.M., without the effects of vegetation, the largest differences exist between a dv,Old_alb and a dv,Cal_alb . The a dv,Old_alb produces a 20% decrease, a 17% increase, and a 78% decrease in the values of r, RMSE, and k, respectively, which further validate the improvements of the new soil albedo parameterization. In addition, the soil type of the BJ-Tower station is sand, whereas those of other stations are silt loam. Because the relationships between the observed and two simulated surface albedos are similar at different stations, the improvements of the new soil albedo parameterization are similar for different soil types.
Validation of the New Soil Albedo Parameterization
This new parameterization scheme of soil albedo was validated using the independent observations from three CAMP-Tibet stations (which are temporally independent) and one GAME-Tibet station (which is spatially independent) ( Table 2 ). The simulated results of Se&Li_alb produced nearly 50% lower r values, 50% higher RMSE values, and 50% wider ranges of BM at all stations compared with those of Val_alb (Table 6 ; Fig. 7 ). As mentioned above, incorporating m and w soil into the soil albedo estimation barely affected the mean values of the simulated surface albedo. Thus, large contrasts between the Val_alb and Se&Li_alb were caused by the parameter values used. The parameter values used in Se&Li_alb were set according to land use type, which is not suitable for the highly heterogeneous landscape of the TP (Roesch et al., 2004; Wang and Davidson, 2007) . Therefore, the parameter values retrieved from the transfer equations are more accurate than those of previous studies, which can contribute further to improving the overall accuracy.
Improvements in Simulating Surface Energy Budget after Revising the Soil Albedo Scheme in GBEHM
The new parameterization scheme of soil albedo was further incorporated into GBEHM (hereafter referred to as New_ GBEHM) to investigate its ability to simulate the surface energy budgets. In addition, the parameter values used in the estimation of surface albedo were the same as those of Cal_alb. As a control, GBEHM with the old scheme (hereafter referred to as Old_GBEHM) was also run at these stations, and the parameter values used in the estimation of surface albedo were the same as those of Old_alb.
The results of comparisons between the observed and simulated daily mean values of R su , R lu , and w soil during the whole period are listed in Table 7 . In terms of R lu and w soil , the simulated results of Old_GBEHM and New_GBEHM are similar, and both sets of results lie close to the measurements (R lu : r 2 > 0.98, |BM| < 1.0 W m −2 , RMSE < 7.9 W m −2 ; w soil : r 2 > 0.78, |BM| < 3.0%, RMSE < 10.0%). Although the largest differences exist in R su , the simulated values obtained using New_GBEHM provide a significantly better fit to the observations. Consequently, an 18% increase, a 54% decrease, and a 34% decrease in r 2 , BM, and RMSE values, respectively, are obtained. Figure 8 plots the time series of the observed and simulated R su , R lu , and w soil at the D105-AWS station as an example. With the well-reproduced w soil , the simulated R su of New_GBEHM captured the observed values accurately. In contrast, the simulated R su values of Old_GBEHM exhibit large seasonal biases. Significant overestimates occurred during summer, whereas underestimates occurred during winter. Table 8 lists the comparisons between the observed and simulated surface energy budgets during the summer (June, July, and August) and winter (December, January, and February). (Tanaka et al., 2001; Twine et al., 2000; Xue et al., 2013) . In this study, the Bowen ratio produced by New_GBEHM (0.67) is almost the same as the observed one (0.68), whereas that of Old_GBEHM (0.71) deviates significantly from the observed value.
During the winter, the R su of New_GBEHM shows a 76% the relative change indicates an increase in the rate at which heat is released from the ground.
Discussion
Many studies have shown that the radiative forcing effects of changes in surface albedo could be comparable to those of greenhouse gases. For example, a change of 0.05 in the albedo driven by vegetation transitions in Alaska would induce a climate forcing of 5.5 W m −2 , which corresponds to the forcing associated with doubling the concentration of CO 2 in the atmosphere (Bernier et al., 2011; Betts, 2000; Chapin et al., 2000; Randerson et al., 2006; Rotenberg and Yakir, 2010; Wang and Davidson, 2007) . This study found that the incorrect representation of soil albedo, mainly the exclusion of w soil from the estimation of soil albedo, could lead to comparable results, with the shortwave radiation forcing in the summer being underestimated by 3.8 to 10.6 W m −2 (Table 8) . Although the overestimation of shortwave radiation forcing during the winter by the old scheme could offset the underestimation in the summer on a yearly basis, the natural seasonal variability is substantially underestimated, which tends to produce inaccurately mild conditions in long-term climate projections. On the other hand, including w soil in the estimation of soil albedo strengthens the interactions between the land and the atmosphere. Thus, the inclusion of w soil improves the applicability of the model under extreme natural conditions, such as severe droughts (Kala et al., 2014) .
The improvements in the estimation of soil albedo can also affect water resources on the TP because the overestimation of albedo in the summer could exert negative feedback on the moisture flux convergence and reduce the precipitation across the plateau region (Charney et al., 1975; Gao et al., 2017; Knorr et al., 2001) . Because many large rivers originate within the TP, such underestimates could lead to poor management strategies in downstream watersheds (Immerzeel et al., 2010) .
In land surface modeling, the simulated w soil may include large uncertainties that influence the performance of the new soil albedo parameterization (Kala et al., 2014; Liang et al., 2005) . The simulations performed using GBEHM successfully reproduced the measurements and are comparable to those of other studies conducted for nearby regions (r 2 = 0.5-0.82, |BM| £5%, and RMSE £8%) (Cuo et al., 2015; Gao et al., 2004; Li and Koike, 2003; Xue et al., 2013) . The relatively larger range of RMSE values is caused by the simulated value of w soil at the MS3478-AWS station, which shows large deviations when the soil thaws in spring (March-May) and freezes in autumn (September-November) (results not shown). One possible explanation is that, because the MS3478-AWS station is located on a hummock (Tanaka et al., 2003) and is downstream of a lake, hydraulic and thermal transport by lateral flow may be important at this site but are not included in the GBEHM. However, the affected periods are short on a yearly basis, and they do not substantially affect the final analyses.
The number of stations used was limited, and the use of soil and vegetation data extracted from gridded products may introduce large uncertainties when applied at the scale of individual sites. Further efforts are needed to collect observations of quantities, including the radiation, soil, and vegetation parameters, from more stations to further assess the suitability of this new soil albedo parameterization for the entire plateau region.
Conclusions
This study developed a new soil albedo parameterization for the TP that considers the effects of both the liquid soil moisture and the solar zenith angle. The parameter values are estimated using a physically based transfer equation that describes the soil optical parameters as a linear combination of soil composition-related variables. After careful calibration and validation, the new scheme was incorporated into the GBEHM to simulate surface energy budgets.
The conclusions derived from this study are as follows:
1. The simulated surface albedo using this new parameterization shows small biases (BM within ±0.05, RMSE <0.06) and correlations >0.5 compared with the hourly observations from one GAME-Tibet and six CAMP-Tibet stations. Compared with the old scheme used in previous studies, the overall accuracy of The distribution of observations across the TP is sparse, and additional measurements of albedo, vegetation, and soil characteristics are needed to produce better parameterizations of the surface albedo across this region. Further, because the TP plays an important role in the global climate system, the feedbacks of changes in the albedo estimation method to the physical atmosphere and climate dynamics should be further investigated using a coupled land-atmosphere model.
Appendix
Surface Energy Budget of GBEHM -----------------------------------W m −2 ----------------------------------- ‡ R lu , upward longwave radiation; R su , upward shortwave radiation; w soil , near-surface liquid soil moisture. § New parameterization scheme of soil albedo incorporated into the Geomorphology-Based Eco-Hydrological Model. ¶ Geomorphology-Based Eco-Hydrological Model with the old scheme. # The R lu values measured at the MS3478-AWS station are erroneous and are not given here. † † For G, positive values indicate that heat is absorbed by the ground, and negative values mean that heat is lost from the ground. where H c and H s (LE c and LE s ) are the sensible (latent) heat fluxes from the canopy and the bare soil, respectively (W m −2 ); r and c p are the density and specific heat capacity of air (kg m −3 , J kg −1 K −1 ); g is the psychrometric constant (Pa K −1 ); T c , T s , and T a are the temperatures of the canopy, bare soil surface, and canopy air space, respectively (K); e*(T) is the saturation vapor pressure at temperature T (Pa); h s is the relative humidity within the pore space of the surface soil; e a is the vapor pressure in the canopy air space; W c and W s are the canopy and soil wetness-snow cover fractions, respectively; r b is the bulk canopy boundary layer resistance (s m −1 ); r s is the bare soil surface resistance (s m −1 ); r d is the aerodynamic resistance between the ground and the canopy air space (s m −1 ); and r c is the bulk stomatal resistance of the canopy (s m −1 ).
The resistances r d , r b , and r c are controlled by the wind and air temperature profiles, and the latter two are also influenced by the physical and physiological properties of the canopy and the rootzone liquid soil moisture (Ball, 1988; Collatz et al., 1991 Collatz et al., , 1992 Sellers et al., 1986) . The value of r s is determined by the porosity and liquid moisture of the near-surface soil (Shu, 1982) where w soil,sat is the saturated near-surface liquid soil moisture, and w soil is the near-surface liquid soil moisture.
The value of G is calculated as the residual between R n and H + LE. Under snow-free conditions, this part of the energy is used to drive the underground thermodynamic processes; furthermore, it influences the freezing-thawing status of the liquid soil moisture.
